We recently investigated mice with Y chromosome gene contribution limited to two, one, or no Y chromosome genes in respect to their ability to produce haploid round spermatids and live offspring following round spermatid injection. Here we explored the normalcy of germ cells and Sertoli cells within seminiferous tubules, and the interstitial tissue of the testis in these mice. We performed quantitative analysis of spermatogenesis and interstitial tissue on Periodic acid-Schiff and hematoxylin-stained mouse testis sections. The seminiferous epithelium of mice with limited Y gene contribution contained various cellular abnormalities, the total number of which was higher than in the males with an intact Y chromosome. The distribution of specific abnormality types varied among tested genotypes. The males with limited Y genes also had an increased population of testicular macrophages and internal vasculature structures. The data indicate that Y chromosome gene deficiencies in mice are associated with cellular abnormalities of the seminiferous epithelium and some changes within the testicular interstitium.
Introduction
The Y chromosome is generally considered the prime mover for establishing the male fate in the developing embryo by initiating testis formation via the Y-linked gene Sry [1] [2] [3] . One of the primary responsibilities of the fully formed postpubertal testis is to produce sperm throughout the life of the male thus conferring fertility. This sperm producing process, spermatogenesis, also has a host of Ylinked genes at the core of its initiation and regulation [4] [5] [6] [7] . Recent work has shown that Y chromosome genes fall into two main categories, retained ancestral genes and acquired ampliconic genes, and that their roles expand beyond testis formation and spermatogenesis to encompass viability of the male and sufficient expression dosage of genes involved in basic biomolecular pathways [8] [9] [10] .
In both mice and men, Y chromosome deletions are associated with infertility and spermatogenesis defects, the severity of which depend on which Y genes are missing. In men, Y deletions usually occur within the azoospermic factor (AZF) regions [11] . The human Y chromosome long arm has three AZF regions (AZFa, AZFb, and AZFc) [6] , with AZFa typically resulting in germ cell aplasia with a Sertoli cell-only syndrome, while AZFb and AZFc deletions cause varying degrees of spermatogenic failure [12, 13] . In mice, deletions within the nonpairing Y chromosome long arm (NPYq) are associated with sub-or infertility and variable sperm defects [14] [15] [16] [17] .
Previously, we demonstrated that only two Y-linked genes (Sry and Eif2s3y) are necessary to produce male mice (X E OSry, Table 1) able to initiate spermatogenesis up to the round spermatid step, and that round spermatids from these males could be injected into oocytes using a technique called round spermatid injection (ROSI) to produce viable offspring [18] . More recently, we demonstrated that the function of these two essential Y chromosome genes can be replaced by transgenic activation of their homologs encoded on other chromosomes, Sox9 and Eif2s3x, respectively [19, 20] . Males carrying a single Y chromosome gene (X E OSox9 and XOSry,Eif2s3x, Table 1 ) or no Y genes whatsoever (XOSox9,Eif2s3x, Table 1 ) produced round spermatids and sired offspring after ROSI [20] .
In our previous work, we characterized spermatogenesis efficiency in these male mice with two, one, or no Y chromosome genes focusing on counts of developing germ cells [20] . Here, we report on the assessment of testicular abnormalities in the same males. We demonstrated a relationship between the cellular and tissue abnormalities, and the Y chromosome gene contribution. Our data indicate that Y chromosome gene deficiencies are associated with cellular abnormalities of the seminiferous epithelium and the decreasing quality of the testicular interstitium.
Materials and methods

Chemicals
Chemicals were obtained from Sigma Chemical Co. (St Louis, MO) unless otherwise stated.
Animals
The mice of interest in this study were males with a single X chromosome (XO) and limited Y gene complement, with XY males serving as wild-type control (Table 1) :
XY are males carrying normal, intact X and Y chromosomes. X Eif2s3y OSry (abbreviated as X E OSry) are males carrying the autosomally encoded transgene of testis determinant Sry [21] and the X chromosome-located transgene encoding spermatogonial proliferation factor Eif2s3y [5] ; the X chromosome carrying the Eif2s3y transgene is designated as X E . The X E OSry males were produced by breeding X Paf O females [22] carrying the X-linked coat marker Patchy-fur [23] and X E Y Tdym1 Sry males that carry the X E and a Y chromosome with an 11-kb deletion removing the testis determinant Sry (dl1Rlb) [1, 24] The breeding crosses yielded a variety of progeny genotypes; the males of interest were identified among the progeny by genotyping for Y chromosome markers, scoring fur appearance, and evaluation of testes size as described earlier [20] . All mice with limited Y gene complement were on partial MF1 genetic background. The XY mice on MF1 background were used as wild-type controls.
The mice were fed ad libitum with a standard diet and maintained in a temperature and light-controlled room ( 
Testis histology analysis
Testes were dissected and divided for different analyses as described earlier [20] . For histology, parts of the testes were fixed in Bouins solution overnight and then stored in 70% ethanol prior to embedding in paraffin wax, sectioning at 5 μm, and staining with hematoxylin and eosin (H&E) and Periodic-acid Schiff and hematoxylin (PAS-H). The stages of seminiferous tubules were identified based on the composition of cells near the basal membrane according to the method described by Ahmed and de Rooij [26] . This was necessary because of meiotic and postmeiotic arrests present in males with limited Y gene complement, which prevented staging based on the changes of acrosome and nuclear morphology of spermatids. For quantitative analysis of spermatogenesis progression, for each male 10 tubules were examined per stage category and the numbers of spermatogonia, round spermatids, and Sertoli cells were counted. The data were expressed as germ cell/Sertoli cell ratios. The analysis of seminiferous epithelium abnormalities was done concurrently with quantitative analysis of spermatogenesis progression, such that any abnormal cells matching the categories described below were quantified, while germ cell and Sertoli cell counts were being done.
For the analysis of testis interstitial tissue, three testis sections per male were examined. To quantify the area of the testicular interstitium, PAS-H-stained testis cross sections were photographed at 40× magnification using Olympus BX41 microscope and Olympus DP73 camera and subjected to processing and analyses using Image J [27] . To achieve the best contrast between the interstitial tissue and the seminiferous epithelium necessary for quantification, we used a "black and white" method (Supplemental Figure S1 ). The contents of individual seminiferous tubules were first manually erased. Then, the images were set to the eight-bit color depth and subjected to the threshold adjustment to visualize interstitial tissue area as white and seminiferous epithelium area as black. To eliminate sample-tosample variations arising from uneven PAS staining, images were normalized by setting the white pixels to a calculated upper limit half-width point value (midpoint between the median and the upper limit of the geometric phase) of the Gaussian distribution of the image intensity histogram; the black pixels were kept at constant 255 value. Such prepared images were used for automatic quantification of the number and the percentage of black pixels (representing the seminiferous epithelium area) within the entire cross section of testis. The area of interstitial tissue (white) and the total area (black and white) values were manually calculated from black pixel number and percentage. All pixel values were converted to mm 2 for data presentation. All cross sections were photographed and analyzed using the same approach and software parameters. Macrophages, capillaries, and other vasculature structures were identified and counted within the entire cross-sectional area using the following identification parameters:
Macrophages were identified using a 40× objective. Interrogated cells were required to be located in the interstitial tissue, outside of vasculature structures. Distinction from Leydig cells was made based on the nuclear morphology and patterning, cell body shape and size, and fuchsia to pink staining of the macrophage cell body with PAS-H [28] . Potential cells that lacked a clear nucleus were considered out of phase with the section and were not counted.
Capillaries were identified using a 40× objective. Interrogated structures were required to have a simple squamous epithelium and a lumen of less than 10 μm. The presence of red or white blood cells was also used for confirmation. Capillaries running through the tunica albuginea were excluded from counts.
Other vasculature structures (OVS) were identified using a 20× objective with the identity of questionable vessels being confirmed by 40× objective. They included structures that had a lumen but lacked germinal epithelium and were not lymphatic in nature. The larger vessels had red or white blood cells and were bound by stratified squamous epithelium. For smaller vessels, a 10 μm in diameter minimum was used as a cutoff point for inclusion. The presence of red or white blood cells was also used in confirmation. Vessels running through the tunica albuginea were excluded from counts.
Immunohistochemistry
Immunohistochemistry was performed according to a standard protocol as described before [29] . The following additions were made to suit our specific needs: addition of nuclear opening step using a proteinase K digest solution (20 μg/mL Proteinase K in 10 mM Tris pH 7.5 and 5 mM EDTA) after rehydration and before antigen decloaking; blocking for endogenous avidin and biotin using a blocking kit (Life Technologies, Invitrogen, Waltham, MA, #00-4303) immediately before primary antibody incubation; and counterstaining with Mayers Hematoxylin (MHS 16-500 mL, Sigma-Aldrich, St. Louis, MO) instead of 0.5% crystal violet. Antibodies (Supplemental Table S1) were diluted in a 10% serum (goat serum for anti-SOX9, and rabbit serum anti-GATA4) solution of phosphate-buffered saline. Sections were incubated with rabbit polyclonal anti-human SOX9 antibody (1:100, AB5535, EMD Millipore Corporation, Millerica, MA) [30] to detect Sertoli cells or goat polyclonal anti-mouse GATA-4 polyclonal antibody (1:200, sc-1237, Santa Cruz Biotechnology, Dallas, TX) [29] to detect spermatids. Although GATA-4 antibody is commonly used to detect Sertoli cells, the antibody that we have chosen has been shown to be specifically reactive to cells with a developing acrosome and has been proposed as an alternative to lectin for spermatid-based staging of the seminiferous epithelium [29] . Bound primary antibodies were detected using biotinylated anti-rabbit (1:500, sc-2040, Santa Cruz), or anti-goat (1:2000, sc-2274, Santa Cruz).
Statistics
A Student t-test was used for all analyses.
Results
Spermatogenesis progression in mice with limited Y chromosome contribution
Histological assessment of spermatogenesis was performed on testis sections from male mice with limited Y chromosome gene contribution ( Table 1) . As previously reported, the transgenic addition of Sry or Sox9 was sufficient to initiate and maintain male development while the addition of Eif2s3y or Eif2s3x allowed for spermatogonial proliferation and differentiation in XO sex chromosome context [18, 20] . Males with Y chromosome contribution limited to two (X E OSry), one (X E OSox9 and XOSry,Eif2s3x), and no (XOSox9,Eif2s3x) Y chromosome genes had fewer spermatogonia than XY controls and although spermatogenesis was initiated, it did not progress efficiently resulting in a limited population of round spermatids (Table 2 ). These round spermatids never developed to spermatozoa, arresting at a round spermatid step. Furthermore, males transgenic for Eif2s3x had significantly depleted round spermatid populations compared to males transgenic for Eif2s3y ( Table 2 ). The counts of testicular cells performed on PAS-H-stained sections [20] were verified using immunohistochemistry with anti-SOX9 antibody for Sertoli cell detection [30] and anti-GATA4 antibody for spermatid detection [29] ( Figure 1 ). The counts of Sertoli cells in XY control males and the counts of spermatids in males with limited Y gene contribution were similar when defined with the two approaches ( Figure 1 and Supplemental Figure S2 ).
Classification of seminiferous epithelium abnormalities
Classic murine spermatogenesis staging relies on PAS to identify the morphology of the acrosome. Periodic acid-Schiff staining can also be used to evaluate germ cell degeneration [31] . Here, we performed spermatogenesis staging and germ cell counts concurrently with the abnormality identification. Nuclear morphology, nucleosomal patterning, cell size, cell location, and cytoplasmic appearance were used to identify cellular abnormalities in the seminiferous tubules. We differentiated and quantified the following cellular defects: sloughed Sertoli cell (SS), apoptotic cell (AC), apoptotic cell at meiotic metaphase (AM), hypercondensed nucleus (HN), degenerating nucleus (DN), multinucleated giant cell (MGC), cell remnant (CR), and vacuole (V) (Figure 2 ).
Effects of limited mouse Y chromosome gene contribution on incidence of seminiferous epithelium defects
Wild-type XY males presented only occasional cellular abnormalities, which were limited to AC, AM, HN, DN, and CR (Figures 3A , D and 4). Transgenic males with limited Y gene contribution had overall significantly more abnormalities than XY ( Figure 3D , P < 0.05) and presented with all eight abnormality types (Figures 3B , C and 4). The defects in seminiferous epithelium distributed 
Effects of limited mouse Y chromosome gene contribution on some interstitial tissue components
In normal testes, interstitial tissue contains the steroidogenic Leydig cells, macrophages, capillaries, and other vasculature structures (OVS) (Supplemental Figure S3) . In XY males, this compartment of the testis is typically a small zone surrounded by seminiferous tubules ( Figure 5A and F) . In transgenic males, there was an impairment with the size and appearance of the interstitial tissue regions (Figures 5B-E , G-J and 6). The qualitative analysis of testis cross sections at low magnification revealed patches of seemingly oversized interstitial tissue, which were present in all males with fewer than 2 Y chromosome genes ( Figure 5C-E) . XOSox9,Eif2s3x males lacking all Y chromosome genes had the most extreme phenotype evidenced as large patches of interstitial tissue ( Figure 5E and J). In some regions of XOSox9,Eif2s3x testis sections, there were areas where instead of seminiferous tubules surrounding interstitial tissue the roles reversed and interstitial tissue instead surrounded seminiferous tubules ( Figure 5E ). In order to assess the interstitial tissue quantitatively, we measured the area of the entire testis cross section as well as portions of tubular and interstitial regions ( Figure 6 ) for a subset of males. XY males had significantly larger total ( Figure 6A ) and tubular area ( Figure 6B ) when compared to transgenic males, reflective of larger testis size. The differences in the size of interstitial tissue areas were less pronounced ( Figure 6C ). When the data were expressed as the ratio of tubular to interstitial area, a decrease was observed for all transgenic males ( Figure 6D ).
We then counted macrophages, capillaries, and other vasculature structures in the entire cross-sectional areas. Transgenic males presented with an elevated number of macrophages ( Figure 7A ) when compared to XY. Among the transgenics, males with two Y chromosome genes were the least affected. The vasculature was also altered, with the number of capillaries ( Figure 7B ) and other vasculature structures ( Figure 7C ) elevated in transgenics versus controls.
Discussion
Here we present the comprehensive histological assessment of testicular abnormalities in mice with limited and no Y chromosome contribution (Table 1) . We observed an inverse relationship between the Y chromosome gene content and the incidence and severity of testicular abnormalities. We also noted differences between transgenic mice employing two different spermatogenesis drivers: Y chromosome derived Eif2s3y and its X chromosome derived homolog Eif2s3x.
Mice with the Y chromosome contribution limited to two, one, or no Y genes were previously shown to have meiotic and postmeiotic spermatogenesis arrests [18, 20] . The meiotic arrest was incomplete with a limited population of spermatocytes proceeding to round spermatid steps. When spermatogenesis progression efficiency was quantified as germ cell/Sertoli cell ratio on PAS-H-stained testicular sections, all transgenic males had fewer spermatogonia and round spermatids than wild-type males. Moreover, males with spermatogonial proliferation and differentiation driven by the X chromosomederived Eif2s3x transgene had fewer spermatids than males with the Y-derived transgene Eif2s3y [18, 20] . With histological assessment done solely on conventionally stained sections, there are often concerns regarding proper cell recognition. To address this, we verified PAS-H Sertoli cell and round spermatid counts using immunostaining. This analysis corroborated the differences between the Eif2s3x and the Eif2s3y transgenics in respect to the efficiency of meiotic progression and reinforced the appropriateness of PAS-H staining for testicular cell identification. of cell counts of testis sections stained with PAS-H and IHC revealed no differences between the two methods. Graphs bars are average ± SEM with n = 3 males per genotype; for each male 60 tubules were included in analyses. Scale = 100 μm; scale shown in C applies to both B and C.
In addition to poor spermatogenesis efficiency, males with limited Y chromosome contribution had severe testicular abnormalities. We quantified these abnormalities on PAS-H-stained sections. PAS-H staining has been previously used to evaluate germ cell degeneration [31] and allowed us to distinguish several seminiferous epithelium defects, such as ACs, HN and DN, MGC, and CR. Some of these testicular defects were previously described by others [32] [33] [34] [35] [36] [37] . In these studies, usually only one specific abnormality type was described and linked to the perturbation of one or two spermatogenesis genes. Mice with limited Y gene contribution investigated here presented with an entire spectrum of defects, with the distribution variable among the genotypes.
Meiotic arrest can be accompanied by increased incidence of apoptotic germ cells [38, 39] . Here, all transgenic males had significantly more cellular apoptosis when compared to wild-type controls. Testicular apoptosis was reported before for 4-7 weeks old mice with Eif2s3y and Sry as the sole Y genes [5, 40, 41] , and our analysis of this genotype performed with mature males is in agreement with the previous data. Interestingly, when we compared different transgenics to each other, we observed that males carrying the Eif2s3x transgene, but not males carrying the Eif2s3y transgene, had an abundance of apoptotic germ cells specifically at meiotic metaphase. Separation of homologous chromosomes at anaphase I is governed by the spindle checkpoint with meiotic arrest and apoptotic elimination of cells with univalent chromosomes [42, 43] . In our transgenic mice, some cells were able to leak through this arrest evading the MI spindle checkpoint, with the efficiency of this escape different between the Eif2s3y and the Eif2s3x transgenics. Thus, poorer progression through meiosis and by extension significantly smaller round spermatid populations in the Eif2s3x transgenics might result from germ cell apoptosis specifically at meiotic metaphase, which further diminishes the already limited population of spermatocytes that leak through the meiotic arrest.
HN result from chromatin condensation, which in normal spermatogenesis is a critical part of spermatid elongation. In mice with limited Y gene contribution, cells with HN were frequently observed. Since spermatids from these males arrest at step 7 of development and never elongate, the affected cells must represent round spermatids or earlier germ cell stages. The presence of HN in these cells may be indicative of an attempt to undergo spermiogenesis and condense chromatin prematurely. We previously reported that in males lacking the Y chromosome and carrying instead the sex reversal factor Sxr b (encoding for Sry, H2al2y, Prssly, Teyorf1, Rbmy gene cluster, and Zfy2/1 fusion gene) diploid cells can undergo elongation and develop into sperm [44] . In this same study, we have shown that round spermatids can undergo chromatin condensation without preceding spermatid elongation. A similar phenomenon was also reported for HSP70-2 null mice, which have a leaky meiotic arrest with limited populations of germ cells progressing to form an acrosome and begin nuclear condensation both after completing meiosis and while still diploid [45] . Here, the genotype comparison revealed that cells with HN were more abundant in the Eif2s3y transgenics than in the Eif2s3x transgenics. Since the former have more spermatids, the increase in the number of cells developing HN might be simply reflective of spermatid abundance. This goes in par with the Eif2s3y transgenics having better progression through meiosis and better spermatogenesis overall. In XY males HN in cells other than elongated spermatids were rarely observed. Limited Y chromosome gene contribution affected not only germ cells but also some components of the interstitial tissue. Interstitial tissue of the testis contains Leydig cells, macrophages, peritubular myoid cells, and vasculature [46] . A major role for this tissue is the steroidogenic regulation of spermatogenesis in the seminiferous tubules as well as delivery of other standard blood components [47, 48] . We noted that as the Y gene content decreased so did the overall area of the testis. This was expected considering that these transgenic males have significantly smaller testes compared to wild-type males [20] . The area dedicated to seminiferous tubules decreased in parallel to the reduction in overall area of the testis, likely due to poor spermatogenesis and fewer germ cells. The area of interstitial tissue remained relatively similar between the genotypes, with a slight decrease observed only in males with sex determination driven by the Sry transgene. The seeming abundance of the interstitial tissue noted qualitatively in testis cross sections from transgenic males is therefore a result of decrease in the ratio of the tubular to the interstitial area, and not the actual increase in the interstitial tissue volume. Males with limited Y chromosome gene contribution had increased incidence of vascular structures. Testis vasculature is known to deliver oxygen, nutrients, and gonadotropins to the gonad as well as removing metabolic waste and transporting testosterone systemically [49, 50] . Vasculature also plays an important role in guiding testis morphogenesis [51, 52] . Issues with testicular vasculature such as varicocele, atherosclerosis, and impaired venous drainage have been shown to affect fertility [49, [53] [54] [55] . An increase in internal testis vasculature can be indicative that during testis development there was a divergence from canonical vascularization. Here, the increase in testis vasculature was most pronounced in males with sex determination driven by the Sry transgene. Long-standing dogma in murine male development holds Sry expression as responsible for signaling for mesonephric cell migration to form testis vasculature [51, 56] . The Sry transgene that we used is estimated to be present in 12-14 copies [57] , and although they may not all be functional the expression of the transgene is higher than that of endogenous Sry [19] . Thus, high Sry transgene expression in fetal gonads of transgenic X E OSry and XOSry,Eif2s3x males might have resulted in a stronger or prolonged signal mediating mesonephric cell migration into the developing testis, and ultimately given rise to more vasculature structures in the interstitium of the resulting adult testis. Our previous work [19, 20] and the results described here show that transgenic Sox9 can signal for vasculature formation in the absence of Sry. We have also shown that transgenic Sox9 expression in the context of XY Tdym1 (Y Tdym1 is a Y chromosome with a deletion removing endogenous Sry) increases global Sox9 levels in fetal gonads [19] . The X E OSox9 and XOSox9,Eif2s3x males investigated in this study carry the same Sox9 transgene and are thus expected to have similar global Sox9 overexpression. Previous work in other organ systems has shown communication between Sox9 and a member of the Notch signaling pathway, with evidence that Sox9 is a direct target of Notch1 [58] [59] [60] . In the developing testis, the Notch signaling pathway includes Notch receptors Jagged1 and Jagged2, which have been shown to be associated with testis vasculature except coelomic vessels, and restricted to coelomic vessels, respectively [61] . Changes in Sox9 expression could differentially relate to members of the Notch signaling pathway leading to the divergent vasculature patterns we have observed.
We observed an increase in macrophage population in the transgenic males as compared to the wild type. Testicular macrophages are the largest population of immune cells in the rodent testis and are involved in normal testis development and function. During development, they help to establish testicular architecture by promoting male-specific vascularization patterns and testis cord morphogenesis [62, 63] . By birth and into adulthood, testicular macrophages are present only in the interstitial compartment of the testes [46, 64] where they contribute to cellular maintenance of the immunoprivileged testis and are associated with the steroidogenic Leydig cells [65] [66] [67] [68] . Mature testicular macrophages play an important role in modulation of immune responses by either helping to maintain the immunosuppressive environment of the testis or stimulating the immune response through secretion of anti-inflammatory or proinflammatory cytokines, respectively [69, 70] . Moreover, a distinct class of testicular macrophages that are enriched near spermatogonial precursors and are required for spermatogonia differentiation has recently been identified [46] . An increase in macrophage population and macrophage-stimulated neovascularization are a part of typical inflammatory response [71, 72] . Therefore, it is plausible that the phenotype that we observe in males with limited Y gene contribution is indicative of the inflammatory microenvironment of the testes of transgenic males. Our approach did not allow us to identify which specific subpopulation of the macrophages contributed to the increase. Specifically, we have not examined putative peritubular macrophages because their morphology (long, slender, and and XOSox9,Eif2s3x) were compared to wild-type XY males (control) in respect to various areas of testis cross section: total (A), tubular (B), and interstitial (C). Graphs are average ± SEM with n = 9 (three males per genotype, three cross sections per male). Statistical significance (t-test, P < 0.05): bars with different letters are significantly different. For information on how the specific areas were measured, see Materials and Methods and Supplemental Figure S1 .
flattened) makes it difficult to distinguish them from peritubular myoid cells without immunofluorescent markers [46] . Further investigations are needed to provide more comprehensive characterization of macrophages in testes from males with limited Y gene contribution. We observed differences in both the efficiency of spermatogenesis progression and the type and abundance of testicular abnormalities between the Eif2s3y and the Eif2s3x transgenics. Eif2s3y and Eif2s3x genes belong to a family of eukaryotic translation initiation factors. The two genes share high-sequence identity, 86% nucleotide and 98% amino acid [8] . Both genes are ubiquitously expressed with strong expression in germ cells, and represent a typical ancestral, single copy, X-Y homologous gene pair, in which the X gene escapes X chromosome inactivation, and the maintenance of two doses of Eif2s3 gene product provides a selective advantage in both sexes [8, 10] . Such genes are hypothesized to be functionally redundant, and we have shown that Eif2s3x can substitute for the Eif2s3y in regulating spermatogonial proliferation and differentiation but only when sufficiently overexpressed [20] . Thus, the two genes are functionally redundant but evolved distinct expression level. The global levels of Eif2s3x/y transcripts are significantly higher in the Eif2s3y transgenics as compared to the Eif2s3x transgenics, and we suggested that this might be a reason for poorer spermatogenesis progression through meiosis in the latter males [20] . Here we extend this explanation to the observed differences in testicular abnormalities between the two types of transgenics.
To summarize, we demonstrated that, in mice, limited to no Y chromosome gene content results not only in impaired spermatogenesis but also in testicular cell and interstitial tissue abnormalities, and that these defects vary in different transgenic contexts. Our findings of the alterations to the interstitium quality in the adult testes are informative for the understanding of the initiation of male gonad development, while the observations on the distribution of testicular cell abnormality types advanced knowledge about the Eif2s3y and Eif2s3x gene pair function in fertility. Our study also offers a collective guide for the quantitative analysis of testicular abnormalities in combination with a classic histology using PAS-H staining.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Image preparation for interstitial and tubular area quantification. Exemplary testis cross sections from XY (A-C) and XOSox9,Eif2s3x (D-F) males. PAS-H-stained sections (A, D) were photographed and subjected to image processing. The contents of individual seminiferous tubules were manually erased, and the images were set to the eight-bit color depth (B, E) and subjected to the threshold adjustment to visualize interstitial tissue area as white and seminiferous epithelium area as black (C, F). Scale = 200 μm (shown in C applies to A-C and shown in F applies to D-F).
Supplemental
Supplemental Figure S2 . Verification of germ cell counts by immunohistochemistry. Testicular sections from selected males for which quantitative analysis of spermatogenesis progression was performed after PAS-H staining (Table 2 ; [20] ) were examined using immunohistochemistry using SOX9 antibody to detect Sertoli cells and GATA4 antibody to identify spermatids. Comparison of cells counts after PAS-H staining and IHC revealed no differences between the two methods. Graphs bars are averages ± SEM, with n = 3 males per genotype for IHC and n = 3, 6, 13, and 10 for X E OSry, XOSry,Eif2s3x and XOSox9,Eif2s3x for PAS-H; for each male, 60 tubules were included in analyses. This figure is related to Figure 1D . Supplemental Figure S3 . Interstitial tissue appearance. An example of typical interstitial tissue appearance with Leydig cells (L), macrophages (M), and capillaries (C), and other vasculature structures (OVS) observed in XY testis. Scale = 20 μm.
Supplemental Table S1 . Antibodies used in the study.
